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Recombinant adeno-associated viral vectors (rAAVs) are a
promising strategy to treat neurodegenerative diseases
because of their ability to infect non-dividing cells and confer
long-term transgene expression. Despite an ever-growing li-
brary of capsid variants, widespread delivery of AAVs in the
adult central nervous system remains a challenge. We have
previously demonstrated successful distribution of secreted
proteins by infection of the ependyma, a layer of post-mitotic
epithelial cells lining the ventricles of the brain and central
column of the spinal cord, and subsequent protein delivery
via the cerebrospinal fluid (CSF). Here we define a functional
ependyma promoter to enhance expression from this cell
type. Using RNA sequencing on human autopsy samples, we
identified disease- and age-independent ependyma gene signa-
tures. Associated promoters were cloned and screened
as libraries in mouse and rhesus macaque to reveal cross-spe-
cies function of a human DNA-derived von Willebrand
factor domain containing 3A (VWA3A) promoter. When
tested in mice, our VWA3A promoter drove strong, epen-
dyma-localized expression of eGFP and increased secreted
ApoE protein levels in the CSF by 2–12� over the ubiquitous
iCAG promoter.
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INTRODUCTION
Adeno-associated viruses (AAVs) are small, non-pathogenic viruses
that can be engineered to deliver DNA to target cells. They have
been used extensively for research as well as preclinical and clinical
applications for their ability to infect non-dividing cells and confer
long-term transgene expression. Cellular targeting is mediated by
the capsid, of which there are 12 parent serotypes with over 150
naturally occurring variants, as well as a growing list of laboratory-
modified variants that alter parent tropism. Further specificity can
be conferred by inclusion of cell-type-specific promoters,1–3 en-
hancers,4–7 or microRNA target sites8,9; however, translation of these
elements may be hindered due to limited conservation between
experimental models and humans.10
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Despite the large number of available capsid types, widespread deliv-
ery to the brain and spinal cord remains a challenge in adolescents
and adults. Systemic administration of naturally occurring AAV9 is
commonly used for broad central nervous system (CNS) targeting
for its ability to cross the blood-brain barrier (BBB). Interestingly,
however, AAV9 tropism changes with age at administration and ex-
hibits limited neuronal targeting in adult primates,11 a drawback for
application in treating neurodegenerative disorders with onset years
to decades after birth. Capsid evolution of AAV9 has identified mul-
tiple variants with improved neuronal tropism and reduced periph-
eral off-targeting; however, systemic doses remain high and broad
species compatibility has not been validated.12–16

Alternatively, CNS transduction can be achieved with lower doses of
AAV delivered to the cerebrospinal fluid (CSF) via intracerebroven-
tricular (i.c.v.), intra-cisterna magna, and lumbar puncture infu-
sion.17–21 These direct approaches obviate the need for capsids that
can cross the BBB and have thus utilized multiple different sero-
types.22 One disadvantage to this approach is frequent toxicity in
dorsal root ganglion (DRG) sensory neurons.23,24 In a large meta-
analysis, 83% of non-human primate (NHP) subjects administered
AAV via CSF had detectable lesions that were independent of capsid
type or transgene promoter (ubiquitous or neuron specific) and were
consistent at all levels of CNS injection.22 De-targeting expression in
DRG neurons using a miRNA binding site eliminated toxicity while
maintaining expression in relevant brain regions,8 supporting further
development of DRG exclusive transgenes.

For broad CNS delivery of secreted proteins, we and others have taken
advantage of the ability for certain CSF-delivered AAVs to specifically
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Table 1. Patient information

Patient ID Age at death (years) Sex Clinical diagnosis

1906 71 male control

1907 R90 female AD

1932 63 male HD

1911 41 male control

1930 81 male FTD

1939 75 male LBD

1940 77 female dementia

1943 82 male LBD

1946 88 male control

AD, Alzheimer’s disease; HD, Huntington’s disease; FTD, frontotemporal dementia;
LBD, Lewy body dementia.
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transduce ependymal cells that line the walls of the brain ventricles
and central canal of the spinal cord.25–28 Specific transduction can
be achieved by i.c.v. delivery of AAV4 in mice and AAV2 in rhesus
macaque (unpublished results).27,29 Ependyma cell cilia control CSF
flow throughout the ventricles and the CNS, and a subpopulation
of specialized ependymal cells forms the choroid plexus, the site of
CSF production. Importantly, their position at the ventricle margin
enables widespread delivery of secreted therapeutic protein
throughout the brain via ventricular, subarachnoid, and perivascular
spaces while avoiding potentially toxic direct neuronal expres-
sion.22,26,30,31 Moreover, ependyma cells are known to be post-
mitotic, unlike those in the subependymal stem cell compartments.32

Application of this approach using ubiquitous transgene promoters
has enabled clinically relevant protein delivery throughout the brain
in mice27,33 and dogs.26

Here, we sought to improve the safety and durability of this strategy
by identifying promoter elements for ependyma-specific transgene
expression. To ensure functional use of regulatory sequences in a
setting of disease, candidate genes and their associated promoters
were defined by a cohort of healthy and clinically diagnosed neurode-
generative disease patients. Barcoded human promoter AAV libraries
were delivered to both mouse and rhesus macaque to identify cross-
species function of a human VWA3A promoter for robust expression
and secretion of therapeutic protein into the CSF.

RESULTS
Identification and validation of ependyma-enriched genes

To identify genes with strong, consistent expression in ependyma
regardless of age or disease state, we obtained samples from nine post-
mortem brains aged 41–90 years with and without clinically diag-
nosed neurological disorders (Table 1). Each patient set was
comprised of paired white matter and/or gray matter samples, one
at the ventricle margin containing the ependyma, the other in the
adjacent parenchyma (Figure 1A). Ependyma-enriched genes were
identified computationally as genes showing increased expression in
ependyma-containing samples over those without. We identified a to-
tal of 608 specific ependyma-enriched genes in Control and 1,857
genes in Disease groups, with 349 found in both groups (Figure 1B).
Overlapping hits were filtered to exclude transcripts without a mouse
homolog, low abundance in either group, as well as those with a rela-
tive abundance ratio between Disease and Control groups of less than
0.5. Remaining genes were ranked on expression in the Disease group
(Table S1). Top hits included FOXJ1, a known regulator of cilia devel-
opment, RGS1, an attenuator of G-protein signaling, ODF3B, a
protein of respiratory and fallopian cilia, as well as genes with limited
characterization such as VWA3A. Hits were confirmed against pub-
lished RNA-ISH data from the Allen Brain Atlas for specificity in
the brain region of interest.

Definition of ependyma promoters and library screening

For functional application in mice, we used the UCSC Genome
Browser to identify promoter-like signatures within 3,000 bp up-
stream of the transcriptional start site of top genes. Signatures
included histone methylation (HEK4me1, H3K4me3), histone acety-
lation (H3K27Ac), DNase I hypersensitivity, and dense transcription
factor binding sites. These regions were PCR amplified and placed up-
stream of an eGFP reporter (Figure 1C). Select promoters (FoxJ1,
Odf3b, and Vwa3a) were packaged individually into AAV4 capsids
and delivered by i.c.v. injection into adult wild-type (WT) mice. After
4 weeks, sectioned tissues revealed strong, ependyma-localized
expression of eGFP, higher than observed for the ubiquitous CMV
promoter (Figure 1D).

Tissue-specific transcriptional regulation is poorly conserved among
species,10 therefore regulatory sequences verified in mouse will not
necessarily function in humans or NHPs. As such, we isolated puta-
tive promoter sequences from human DNA using the same criteria as
in mouse and placed them upstream of an eGFP reporter. For library
screening, we appended a unique 3 bp DNA barcode in the 30 UTR of
the transgene (Figure 2A). A variant containing the ubiquitous iCAG
promoter and one containing no promoter sequence (None) were
included as positive and negative controls, respectively. Plasmids
were pooled and generated as a single-vector library, packaged in
either AAV2 for NHP or AAV4 for mouse (Figure 2B).

The AAV4 library was delivered by i.c.v. injection into adult WTmice
at 1E10, 5E10, or 1E11 viral genomes (vg) per animal. After 3 weeks,
ependyma was micro-dissected from ice-cold brain slabs. RNA was
isolated and targeted amplicon sequencing at the 3 bp barcode was
used to measure relative transcription downstream the human-
derived promoters. Two low-dose (1E10 vg) samples had inadequate
amplification for analysis. Among those sequenced, barcode distribu-
tion was similar among all samples at all doses (Figure 2C), with rela-
tive enrichment of transcripts driven by our positive iCAG control
and a promoter derived from the human von Willebrand factor
domain containing 3A (VWA3A) gene (Figure 2D).

A similar AAV2 library was delivered to two adult rhesus macaques at
a dose of 2E13 vg/animal. After 3 weeks the brains were harvested,
and ependyma was micro-dissected from the ventricle and spinal
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Figure 1. Patient sample isolation and identification of

ependyma-specific gene signatures

(A) Cartoon depicting the location of four samples obtained

from each patient. Each set contained two white matter and

two gray matter samples, one at the ventricle margin con-

taining ependyma, the other in the adjacent parenchyma.

(B) Venn diagram highlighting ependyma-enriched genes in

Control and Disease groups. (C) Genetic signatures used to

define potential promoter regions. (D) Representative im-

ages of AAV4 with eGFP expression downstream of the

ubiquitous CMV or mouse-derived ependyma promoters

following i.c.v. injection. Mice were injected with varying

doses with CMV matching the highest dose (see materials

and methods). Scale bars, 250 mm.
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column margins. Targeted RNA sequencing revealed similar pro-
moter use-distribution among the two animals that varied by location
(Figure 2E). Barcodes could only be amplified from the spinal column
of one subject. When normalized to virus input, iCAG showed the
highest enrichment in all areas, followed by VWA3A and FOS, specif-
ically in the lateral ventricles (Figure 2F).

Modification of promoters to include introns for potential intron-

mediated enhancement

We next took a subset of human promoters (CD42A, VWA3A,
OGFRL1, ANXA1, ANXA2, and FOS) and incorporated a short
(133 bp) or long (951 bp) intron with the goal of increasing expression
through intron-mediated enhancement (IME).34 At this time eGFP
reporters were also exchanged for APOE2, a variant of APOE that
is negatively associated with the development of Alzheimer’s disease
(AD) and previously shown to reduce amyloid plaques in existing dis-
ease models (Figure 3A).33,35 Despite our selection criteria that
limited brain expression to ependymal cells, HEK293 cells could ex-
press our variants, enabling screening of splicing and protein transla-
tion. Individual variants were transfected into HEK293 cells and har-
vested at 24 h. RNA (R) splicing was assessed by PCR across the
intron and compared with amplified plasmid DNA (D), represented
as unspliced (Figure S1A). All short and long introns were efficiently
spliced, except for the short intron from the ANXA1 variant. As
APOE2 is a secreted protein, we measured APOE2 protein in cell ly-
sates and media. When compared with the complementary “No
intron” or original variant, inclusion of an intron generally increased
protein expression, with the longer intron producing greater levels
than the short intron (Figures S1B and S1C). Overall expression
was variable among the promoters, with FOS yielding relatively
high protein output compared with other promoters. This finding
is consistent with FOS being highly expressed in non-brain tissues,
including kidney.
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A library of 18 intron-containing and original
parent variants were packaged in AAV2 and
delivered at a dose of 2.8E13 vg via i.c.v. delivery
to two adult rhesus macaques. After 4 weeks, the
brains and spinal columns were harvested and the
ependyma was micro-dissected for RNA isolation
and barcode analysis. As observed in our initial NHP experiment,
promoter use was consistent among animals, with variations observed
within single animals at different anatomical locations (see, for
example, FOS and VWA3A; Figure 3B). Interestingly, despite only
having one usable spinal column sample from this and our prior
experiment, ANXA2 showed consistent enrichment in this tissue.
To assess the benefit of including an intron in vivo, we calculated
the average percent contribution of each promoter (via the 3 bp bar-
code) among all regions from both NHPs and divided it by the
percent of that same promoter in the input virus (Figure 3C). This
normalized output showed an intron length-dependent enhancement
in transcription for some promoters (CD42A, ANXA1, andOGFRL1),
no benefit for others (ANXA2 and FOS), and a detriment forVWA3A.
Despite this unexpected output, all VWA3A variants showed higher
enrichment than any other promoter variant. Given the consistent,
relatively strong use of the VWA3A promoter in vivo and knowledge
that IME can function at both the transcriptional and translational
levels, we chose the VWA3A short intron promoter for downstream
experiments (Figures 3C and S1C).

Validation of cross-species function of human VWA3A promoter

in mice

In our initial screen using human-derived promoter sequences in
mice, VWA3A showed relative enrichment over the input virus, sug-
gesting productive promoter use across species (Figure 2D). To vali-
date expression and localization, AAV4.VWA3A.eGFP was injected
into the lateral ventricle of adult WT mice. After 4 weeks, a strong
eGFP signal was detected in the ependyma and choroid plexus (Fig-
ure 4A). We next tested if the VWA3A promoter could drive high
ependymal expression and detectable levels of secreted ApoE2
protein in mice CSF. AAV4.iCAG.APOE2 or AAV4.VWA3A short
intron.APOE2 vector was injected into the anterior lateral ventricle
of adult ApoE null (ApoE�/�) mice at a dose of 6E9 vg (Figure 4B).



Figure 2. Library screening of human-derived ependyma promoters in mouse and rhesus

(A) Human sequence-derived promoter regions (up to 3 kb) were appended upstream of an eGFP reporter. For library screening, a unique 3 bp barcode was added to the 30

UTR. (B) Individual plasmids were pooled at equimolar concentrations and transfected as a library into HEK293 cells for packaging into a single virus (AAV2 for rhesus or AAV4

for mouse). (C) Fractional read counts associated with each promoter (barcode) in mouse ependyma and input AAV4 library. Only one sample treated with 1E10 vg showed

sufficient barcode recovery. (D) Relative enrichment calculated by normalizing the fractional promoter output (RNA reads) to the fractional input (Virus DNA). (E) Fractional read

counts associated with each promoter in rhesus ependyma. Numbers 1 and 2 indicate two different rhesus macaques. Missing samples reflect an inability to recover RNA

barcodes. (F) Same as in (D) for rhesus.
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After 4 weeks, CSF was collected and APOE was detected by auto-
mated western blot (Figure 4C). APOE levels in CSF from mice in-
jected with AAV4.VWA3A short intron.APOE2 were 2–12� higher
than in CSF from AAV4 expressing-APOE2 from the iCAG-pro-
moter (Figure 4D).

DISCUSSION
Widespread AAV delivery in the CNS can be achieved by systemic de-
livery of BBB-penetrating capsids or direct delivery to the CSF. For
expression of secreted proteins, direct CSF delivery of ependyma-
tropic capsids enables localized protein production and broad distri-
bution via CSF flow through the ventricular, subarachnoid, and peri-
vascular spaces. Here we improved upon this approach by identifying
an ependyma-specific promoter to de-target direct neuronal expres-
sion and drive strong transcription and protein secretion into
the CSF.
The ependyma comprises a single layer of simple columnar epithelial
cells and forms a physical boundary between the CSF and surround-
ing CNS parenchyma. These ciliated cells play critical roles in CSF ho-
meostasis and removal of waste from the brain. Extensive single
cell36–38 and bulk RNA analysis on sorted cells39 has identified over
400 ependyma-enriched genes relative to those in the adjacent sube-
pendymal/subventricular zone. One limitation to using these analyses
is their derivation from healthy animals or human tissue while neuro-
degenerative diseases including AD and Huntington’s disease may
exhibit ependymal dysfunction.40 Our study included human brain
samples that spanned multiple neurodegenerative diseases and a
50-year window of adult aging (Table 1), enabling identification of
robust gene signatures for therapeutic or discovery applications.

Cell-type-specific transcript identification from bulk tissue RNA has
been historically achieved using cDNA subtraction libraries.41 Here,
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 299

http://www.moleculartherapy.org


Figure 3. Addition of introns differentially affects transgene transcription

(A) Maps depicting the three different no intron-, short intron-, and long intron-

containing promoter variants. (B) Fractional contribution of transgene-related

barcodes in RNA isolated from rhesus ependyma and input virus. (C) Relative

promoter enrichment calculated as the fractional contribution in recovered RNA

relative to that in the input virus.
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we took a similar approach, comparing adjacent tissue samples with
and without our cell type of interest and performed computational,
rather than physical, subtraction. Our approach proved successful
in identifying specific genes, with 37 of the top 90 having been previ-
ously associated with ependyma.36–38 Among these genes was FOXJ1,
a commonly used marker of ependyma whose promoter has been
used experimentally to drive localized expression.42 GO analysis of
uncharacterized hits identified axoneme and ciliary plasm as top
cellular component categories, further expanding our list of tissue-
associated genes (Table S1).

In translating our top hits into promoters, our definition of “pro-
moter” extended far beyond typical eukaryotic promoter lengths of
100–1,000 bp, allowing inclusion of up to 3,000 bp of transcript-adja-
cent sequence. These promoter lengths helped ensure inclusion of
functional elements and were suitable for expressing short transgenes.
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Given this over-estimation in initial length, significant truncations
capable of driving expression can likely be generated to accommodate
larger transgenes.

By incorporation and comparison of transcript-associated 3 bp barc-
odes we were able to directly compare transcriptional activity of
pooled ependyma-specific promoters in the same animal. Using our
promoter-less variant (None) as a negative control, nearly all human
sequences drove some transcriptional activity over baseline in both
mouse and rhesus tissue (Figures 2D and 2F). Our screens found tran-
script abundance from our human VWA3A-derived sequence to be
approximately half from the ubiquitous iCAG promoter. The speci-
ficity of this promoter for ependyma expression in brain is supported
by published ISH data (Allen Brain Atlas), single-cell enrichment of
the VWA3A gene,38 and recent inclusion in a set of cilia-associated
genes.43 Surprisingly, FOXJ1 did not show strong enrichment despite
significant sequence overlap with a previously defined FOXJ1 pro-
moter.44While trends in promoter usewere largely concordant among
brain and spinal cord, spinal cord samples fromNHPs revealed unique
enrichment of ANXA2 (Figures 2E and 3B) perhaps reflecting differ-
ential identity of ependymal cells lining the spinal column.45

In a follow-on NHP screen, we tested the ability for a transgene-local-
ized intron to increase expression via IME. Preliminary screening of
transfected HEK293 cells supported increased protein output from
intron-containing transgenes with a positive length relationship (Fig-
ure S1); however, this relationship was not consistently observed at
the transcript level in vivo (Figure 3C). IME can affect both transcrip-
tion and translation, and our discordant results may reflect measure-
ment at two different stages of expression.46

Individual promoter validation was initially tested using mouse se-
quences in mouse tissue using AAV4. All promoter segments tested
resulted in efficient eGFP expression in ependymal cells demon-
strating sensitivity (Figure 3D); however, the narrow tropism of
i.c.v.-delivered AAV4 to the ependyma limited assessment of
sequence specificity.29,47 This same limitation exists for AAV2 in
dogs26 and NHPs where transduction is also confined to the epen-
dyma (B.L.D., unpublished data). Tissue-specific transcription will
require experimental validation following CSF delivery with more
broadly tropic capsids such as AAV7 or AAV9.48

When delivered using the ependyma-specific capsid AAV4, our
VWA3A promoter showed an expression advantage, driving higher
APOE protein secretion into the CSF compared with an iCAG control
(Figure 4C). This finding contrasted with predictions from our initial
screen of human promoters in mouse where iCAG showed the great-
est enrichment (Figures 2D and 2F), further supporting IME of
translation.46

In summary, we have identified a promoter for ependyma-derived
transgene expression. This promoter, derived from the VWA3A
gene, is predicted to maintain activity in settings of disease and aging
and is capable of driving transcription in both mouse and NHP tissue.



Figure 4. Human VWA3A promoter drives expression

in mouse ependyma and protein secretion into the

CSF

(A) Coronal section of a mouse brain injected i.c.v. with

2.7E10 total viral genomes AAV4.VWA3A.eGFP vector.

Zoom region outlines ependymal transduction in the lateral

ventricle. Scale bar, 2.5 mm. (B) Experimental paradigm to

measure transgene-derived APOE2 in the CSF of ApoE�/�

mice. (C) Wes analysis and (D) quantification of vector-

derived APOE2 in CSF of ApoE�/� mice. The first iCAG

sample lay outside our standard curve and was not

quantified. Bars represent group mean.
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Furthermore, transgene expression downstream of the VWA3A pro-
moter resulted in higher protein secretion than a strong ubiquitous
iCAG promoter, supporting its use for therapeutic and research
applications.

MATERIALS AND METHODS
Study approval and animal housing

Mice were housed in a climate-controlled environment and kept on a
12 h light/dark cycle with access to food ad libitum. Library groups
were age matched and included approximately equal numbers of
male and female mice.

A total of three male and one female rhesus macaques were used in
this study and were aged between 3 and 6 years. All NHPs were
screened for relevant neutralizing antibodies against the parental
AAV serotypes before enrollment and tested negative. Physical exams
were performed by a veterinarian trained in NHP medicine. Rhesus
macaques were captive-born and socially housed while on study.
NHPs were exposed to a 12 h light/dark cycle, offered ad libitum ac-
cess to reverse-osmosis purified water and fed twice daily with por-
tions of Purina LabDiet Certified Primate Diet (5048) supplemented
with fresh fruits and vegetables as part of their behavioral enrichment
program. This study was conducted in accordance with the Guide for
the Care and Use of Laboratory Animals (National Research Council)
and the Animal Welfare Act of 1966 (P.L. 89–544), as amended.

All animals were housed at the CHOP Research Institute (RI). All
procedures were approved by the CHOP RI Institutional Animal
Care and Use Committee. The CHOP RI is fully accredited by
AAALAC International.

Human autopsy tissue collection

Human brain tissue was obtained from the Massachusetts Alzheimer
Disease Research Center Tissue Bank. Tissue was dissected at the time
of autopsy and immediately snap frozen with powdered dry ice. Post-
mortem intervals were less than 24 h. Each patient sample was ob-
tained from slabs at the level of the caudate and was comprised of
Molecular Thera
paired white matter and/or gray matter samples,
with one of each pair overlapping the ventricle
margin and the other in adjacent parenchyma.
All sample collection was obtained under a
research protocol approved by the Massachusetts General Hospi-
tal IRB.

RNA isolation and library preparation

Total RNA was extracted from fresh human autopsy samples using
mirVana miRNA isolation kit (Thermo Fisher Scientific). RNA integ-
rity (RIN) was measured using an Agilent Bioanalyzer. Samples with
RIN > 6 were included for sequencing. Libraries were prepared with
the Illumina TruSeq Stranded mRNA Library Prep kit according to
manufacturer’s protocol (Illumina) by the University of Iowa Insti-
tute of Human Genetics.

RNA from micro-dissected mouse and rhesus macaque ependyma
was isolated using TRIzol according to the manufacturer’s instruc-
tions (Invitrogen). Samples were DNase treated using TURBODNase
and reverse transcribed with MultiScribe RT (Applied Biosystems).
A sequencing template was generated using two rounds of PCR. First
round primers (Table S2) amplified the region immediately sur-
rounding the 30 UTR-localized 3 bp barcode, incorporating a unique
molecular identifier (UMI) for PCR collapse and complementary
overhangs for the second PCR. Second round primers appended i5
and i7 Illumina adapters for sequencing.

RNA sequencing and analysis

Human autopsy libraries were sequenced on two lanes of a HiSeq4000
with 150 bp paired-end chemistry with an average 14 million read
pairs per sample. Fastq files were aligned to the human hg38 reference
genome and gene expression was quantified using rsem-calculate-
expression 1.3.8 and STAR aligner (v.2.5.2b). Quality metrics were
determined using qualimap v.2.2.1. Matrices comparing samples
with and without ependyma in Control and Disease groups were
generated using rsem-generate-data-matrix and differential expres-
sion was calculated using EBSeq. Ependyma-enriched genes from
both groups were intersected to identify a list of promoter candidates.
Genes with a mean expression value equal to 0 in either group and/or
a fold change (Disease/Control) < 0.5 were excluded. Human genes
lacking amouse ortholog were also excluded. Our final list was ranked
py: Nucleic Acids Vol. 33 September 2023 301
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by average expression in the Disease group and final library selections
were based onmanual validation of ependyma-localized expression in
the Allen Brain Atlas.

Promoter libraries were prepared for Illumina sequencing using
nested PCR described above and sequenced on a single lane of an Il-
lumina HiSeq 4000 flow cell. The resulting fastq files were processed
using a custom python script to extract and count 3mer DNA barco-
des and 10mer UMI sequences. A custom R script was used to consol-
idate DNA barcode and UMI counts from each sample, outputting
UMI collapsed counts from all samples and barcodes in a single table.
Percent contribution was then calculated by dividing reads associated
with each barcode by the total barcode reads for that sample. Relative
enrichment represents promoter use (RNA) relative to template
DNA and was calculated by dividing the percent contribution in tis-
sue by the percent contribution of that same promoter in the input
virus.

Promoter annotation and vector preparation

Putative promoter sequences were inferred using ENCODE Regula-
tion and predicted cis-regulatory element annotations of upstream
genes of interest in the UCSC Genome Browser (GRCh38/hg38 or
NCBI37/mm9). Up to 3,000 bp was PCR amplified and appended up-
stream of an eGFP reporter by NEB HiFi Assembly or ligation into an
AAV2 proviral vector (Table S2). Offset annealed oligos were pre-
pared to introduce 3 bp barcodes between NheI-NotI in the 30

UTR. A short chimeric intron from human b-globin and immuno-
globulin heavy chain genes or a long chimeric intron from chicken
b-actin and rabbit b-globin genes were PCR amplified and inserted
near the 30 end of the promoters, downstream of predicted transcrip-
tion start sites. As the amplified ANXA1 promoter region contained
an endogenous partial intron sequence, a 30 segment of each intron
was appended to approximate the length of the two introns (total
length: short 348 bp; long 901 bp).

For library preparation, plasmids were pooled at equimolar concen-
trations. Recombinant AAV serotype AAV2/4 (mouse) or AAV2/2
(rhesus) vectors were generated at the Children’s Hospital of Philadel-
phia Research Vector Core and resuspended in Diluent Buffer
(Research Vector Core). Vector titers were determined by quantita-
tive PCR using primers targeting the eGFP (Table S2) or ApoE
(Hs00171168_m1) transgene.

Vector administration and tissue isolation

WT FVB/NJ (strain: 001800) and ApoE null (ApoE�/�) (strain:
002052) mice were obtained from Jackson Laboratory. Vectors
were injected unilaterally into the anterior lateral ventricle
(coordinates: +0.86 mm rostral to bregma, ±1.8 mm from midline,
and �3.5 mm deep from skull). Single mouse promoter vectors
were delivered at varying doses (eGFP: Vwa3a 2.9E10, FoxJ1
4.5E10, Odf3b and CMV 6.4E10, VWA3a 2.7E10, or ApoE2: iCAG
andVWA3a.shortInt 6E9 total viral genomes) determined by produc-
tion titer. AAV4 libraries were delivered at 1E10, 5E10, or 1E11 total
viral genomes.
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NHP vector delivery followed previously published procedures.49 In
brief, infusion trajectories were determined on a 3 T research MRI
unit (Siemens Trio; SYNGO Vb17) using T1-weighted 3D
MPRAGE sequences. To confirm intraventricular placement of the
needle tip, 5 mL of radiographic contrast (ISOVUE-M, Bracco Imag-
ing) was injected under fluoroscopic guidance (OEC 9900 Elite, GE
Healthcare) using a micro-infusion pump (Harvard Apparatus PHD
Ultra, Harvard Apparatus). After verification, 2E13 or 2.8E13 total
viral genomes were delivered in a total infusion volume of 4 mL at a
rate of 0.1 mL/min followed by a 10 min dwell. Post infusion, bone
wax occluded the trephine and the incision was sutured closed and in-
filtrated with a local anesthetic. The animals were removed from the
stereotactic frame and allowed to recover in a separate cage and iso-
lated from peers until they were able to sit upright without support.
Animals were returned to their regular housing configuration once
fully recovered from anesthesia, as determined by study staff. Anal-
gesic coveragewas provided for aminimumperiod of 72 h and animals
were monitored daily throughout the study.

For visualization of eGFP, mice were anesthetized with 2.5% isoflur-
ane/oxygenmixtures and transcardially perfusedwith 4%paraformal-
dehyde (PFA). Tissues were post-fixed overnight in 4% PFA before
transfer to 30% sucrose for 48 h. Tissue sections (40 mm) were cut us-
ing a microtome and mounted for direct eGFP visualization using a
Leica DM6000B microscope. After 4 weeks, mice injected with the
AAV4 library were anesthetized with ketamine/xylazine and transcar-
dially perfused with ice-cold phosphate-buffered saline (PBS). The
entire brain was removed and transferred to ice-cold PBS to chill.
Three, 2 mm coronal sections were cut using a brain matrix and
used for ependyma micro-dissection. Tissue segments were trans-
ferred immediately to chilled TRIzol and stored at �80�C until use.

Three or 4 weeks following injection, NHPs were fasted overnight,
sedated, intubated, and anesthetized using isoflurane. Upon confir-
mation of deep anesthesia (stage III, plane 3), we performed a thora-
cotomy and cardiac perfusion with ice-cold PBS. Brains were
removed and chilled and then cut into 4 mm thick coronal slabs.
Ependyma was manually micro-dissected from the ventricle margins,
snap frozen in liquid nitrogen, and stored at �80�C until further
processing.

CSF collection and analysis

Intracisternal CSF collections from mice were performed under gen-
eral anesthesia with isoflurane. Animals were positioned ventral side
down and the neck was flexed for easier access to the cisterna magna.
A longitudinal incision was made in the neck skin and cervical
muscles were laterally separated until the cisterna magna was avail-
able. A pulled borosilicate glass capillary (World Precision Instru-
ments) was inserted through the membrane and CSF was collected
by capillarity. Collected CSF was snap frozen with dry ice and kept
at �80�C until analysis.

ApoE levels in CSF were quantified using a Wes Simple Western-blot
system (Protein Simple, Bio-techne) and Compass software (Protein
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Simple) following the manufacturer’s indications. In brief, a six point
standard curve from 0.05 to 1 ng/mL protein was produced with hu-
man recombinant ApoE2 (Pepro Tech, no. 350-12) diluted with 0.1�
sample buffer (Protein Simple, no. 042–195). CSF samples and stan-
dard curve points were combined with 5� Fluorescent Master Mix at
4:1 ratio, denatured at 95�C for 5 min, spun down at 4�C, and then
loaded into a 12–230 kDa separation capillary cartridge (Protein Sim-
ple, no. SM-W004). A ratio of 1:50 rabbit anti-human ApoE poly-
clonal antibody (Novus, no. NBP1-31123) and anti-rabbit detection
module (Protein Simple, no. DM-001) was used for ApoE detection.
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